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(57) ABSTRACT 

It is an object of the invention to provide a current sensor 
apparatus that reduces measurement errors resulting from 
variations in a position of a current path passing through the 
space inside a magnetic yoke. The current sensor apparatus 
comprises a ring-shaped magnetic yoke (2) surrounding a 
current path (1), part of the yoke having a gap (3), and a 
magnetic sensor element (4) placed in the gap (3) of the 
magnetic yoke The magnetic sensor element (4) detects 
a magnetic ?eld in the gap (3) generated by a current ?owing 
through the current path (1) to measure the current ?owing 
through the current path The current sensor apparatus 
further comprises a magnetic ?eld interrupter (5), placed 
betWeen the current path (1) and the gap (3), for interrupting 
a magnetic ?eld corresponding to a magnetic ?ux generated 
by the current passing through the current path (1) and not 
passing through the magnetic yoke (2), so that the magnetic 
?eld Would not reach the magnetic sensor element 

27 Claims, 12 Drawing Sheets 
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CURRENT SENSOR APPARATUS 

This is a Continuation of PCT/JP99/03587 ?led Jul. 2, 
1999. The entire disclosure of the prior application is hereby 
incorporated by reference herein in its entirety. 

TECHNICAL FIELD 

The present invention relates to a current sensor apparatus 
used for non-contact measurement of a relatively large 
electric current. 

BACKGROUND ART 

Many types of magnetic sensor apparatuses and non 
contact-type electric current sensor apparatuses utilizing 
magnetic sensor apparatuses have been long developed since 
such apparatuses are useful in industry. HoWever, their 
application ?elds have been limited and the market scale 
have been thus limited. Consequently, development of such 
apparatuses in terms of cost reduction have not been fully 
achieved yet. 

HoWever, emission control originating from the need for 
solving environmental problems has accelerated develop 
ment of electric automobiles and solar-electric poWer gen 
eration. Since a direct current of several kiloWatts to tens of 
kiloWatts is dealt With in an electric car or solar-electric 
poWer generation, a non-contact current sensor apparatus is 
required for measuring a direct current of tens to hundreds 
of amperes. The demand for such current sensor apparatuses 
is extremely high. It is therefore dif?cult to increase the 
popularity of electric automobiles and solar-electric poWer 
generation unless the current sensor apparatuses not only 
exhibit excellent properties but also are extremely loW 
priced. In addition, reliability is required for a period of time 
as long as 10 years or more for a current sensor apparatus 
used in a harsh environment as in an electric car. As thus 
described, it has been requested in society to provide current 
sensor apparatuses that are inexpensive and have excellent 
properties and long-term reliability. 

For non-contact measurement of an electric current, an 
alternating current component is easily measured through 
the use of the principle of a transformer. HoWever, it is 
impossible to measure a direct current component through 
this method. Therefore, a method is taken to measure a 
magnetic ?eld generated by a current through a magnetic 
sensor for measuring a direct current component. A Hall 
element is Widely used for such a magnetic sensor. A 
magnetoresistive element and a ?uxgate element are used in 
some applications, too. 

For example, the folloWing problems have been found in 
the current sensor apparatus utiliZing a Hall element that has 
been most highly developed in prior art. 

(1) loW sensitivity 
(2) inconsistent sensitivity 
(3) poor thermal characteristic 
(4) offset voltage that requires troublesome handling 
In addition to the above problems, a magnetoresistive 

element has a problem of poor linearity. 
In Published Unexamined Japanese Patent Application 

Hei 7-218552 (1995), a technique is disclosed for increasing 
a current measurement range of a current sensor apparatus 

incorporating a Hall element by forming tWo gaps having 
different lengths at separated ends of a ring-shaped core 
member and placing a Hall element in each of the gaps. 
An example of a current sensor apparatus incorporating a 

magnetoresistive element is disclosed in Unexamined J apa 
nese Patent Application Hei 10-26639 (1998). 
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Some methods have been developed for solving the 

problems of a Hall element. One of the methods is a 
so-called negative feedback method, that is, to apply a 
reversed magnetic ?eld proportional to an output of the 
element to the element so as to apply negative feedback such 
that the output of the element is maintained constant. Con 
sistency in sensitivity, the thermal characteristic, and linear 
ity are thereby improved. 
When the negative feedback method is used, hoWever, it 

is required to apply an inverse magnetic ?eld as large as the 
?eld to be measured to the element. Consequently, When a 
current as high as hundreds of amperes is measured in 
applications such as an electric car or solar-electric poWer 
generation, a feedback current obtained is several amperes 
even if the number of turns of the coil for generating a 
feedback ?eld is 100. Therefore, a current sensor apparatus 
embodied through this method is very large-siZed and 
expensive. 

If the magnetic sensor element has high sensitivity, it is 
possible that a feedback current is reduced by applying only 
part (such as one hundredth) of the ?eld to be measured to 
the element. HoWever, this is dif?cult for a Hall element With 
loW sensitivity used as the magnetic sensor element. 
A ?uxgate element has been developed mainly for mea 

surement of a small magnetic ?eld While not many devel 
opments have been made in techniques for measuring a large 
current. HoWever, With some modi?cation a ?uxgate ele 
ment may be used as a magnetic detection unit of a current 
sensor apparatus for a large current since the ?uxgate 
element has a simple con?guration and high sensitivity. 

Reference is noW made to FIG. 17 to describe the opera 
tion principle of a ?uxgate element having the simplest 
con?guration. FIG. 17 is a plot for shoWing the relationship 
betWeen an inductance of a coil Wound around a magnetic 
core and a coil current. Since the core has a magnetic 
saturation property, the effective permeability of the core is 
reduced and the inductance of the coil is reduced if the coil 
current increases. Therefore, if bias magnetic ?eld B is 
applied to the core by a magnet and the like, the magnitude 
of external magnetic ?eld H0 is measured as a change in 
inductance of the coil When external ?eld H0 is superposed 
on the bias ?eld. This is the operation principle of the 
simplest ?uxgate element. In FIG. 17 each of bias ?eld B 
and external ?eld H0 is expressed in the magnitude con 
verted to the coil current. 

In this method the position of bias point B changes With 
factors such as the intensity of the magnetic ?eld generated 
by the magnet or the positions of the magnet and the core in 
relation to each other. It is therefore required to maintain the 
inductance at a speci?c value When the external magnetic 
?eld is Zero. HoWever, it is extremely dif?cult to compensate 
the instability of the inductance value due to temperature 
changes and other external perturbations. This method is 
therefore not suitable for practical applications. 

If a rod-shaped magnetic core is used, an open magnetic 
circuit is provided, so that the effect of hysteresis is gener 
ally very small. Assuming that the hysteresis of the core is 
negligible, the characteristic of variations in inductance is 
equal When the coil current ?oWs in the positive direction 
and in the negative direction since the saturation character 
istic of the core is independent of the direction of coil 
current. For example, in FIG. 17 it is assumed that point P+ 
and point P_ represent the coil current in the positive 
direction and the coil current of the negative direction, 
respectively, Whose absolute values are equal to each other. 
In the neighborhood of these points, the characteristic of 
variations in inductance With respect to variations in the 
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absolute value of the coil current is equal. Therefore, an 
alternating current may be applied to the coil such that the 
core is driven into a saturation region at a peak, and the 
difference in the amount of decrease in inductance may be 
measured When positive and negative peak values of the 
current are obtained. As a result, the difference thus mea 
sured is constantly Zero When the external magnetic ?eld is 
Zero, Which is alWays the case even When the characteristics 
of the core change due to temperature changes or external 
perturbations. In the present patent application a saturation 
region of the magnetic core means a region Where an 
absolute value of the magnetic ?eld is greater than the 
absolute value of the magnetic ?eld When the permeability 
of the core is maximum. 
An external magnetic ?eld is assumed to be applied to the 

core. If external ?eld H0 is applied in the positive direction 
of the current, as shoWn in FIG. 17, the inductance value 
decreases at the positive peak of the current (point Q+ in 
FIG. 17, for example) and the inductance value increases at 
the negative peak of the current (point Q_ in FIG. 17, for 
example). Therefore, the difference betWeen the values is 
other than Zero. Since the difference in inductance depends 
on the external magnetic ?eld, the external ?eld is obtained 
by measuring the difference in inductance. 

The method thus described is called a large amplitude 
excitation method in the present patent application, that is, 
to apply an alternating current to the coil such that the core 
is driven into a saturation region at a peak, and to measure 
the difference in the amounts of decrease in inductance When 
positive and negative peak values of the current are 
obtained. 

Magnetic sensor apparatuses that utiliZe such a large 
amplitude excitation method are disclosed in Published 
Examined Japanese Patent Application Sho 62-55111 
(1987), Published Examined Japanese Patent Application 
Sho 63-52712 (1988), and Published Unexamined Japanese 
Patent Application Hei 9-61506 (1997), for example. In 
Published Examined Japanese Utility Model Application 
Hei 7-23751 (1995), a technique is disclosed to achieve 
measurement similar to the large amplitude excitation 
method through the use of tWo bias magnets. 

The large amplitude excitation method is an excellent 
method since the effects of temperature changes and external 
perturbations are eliminated. HoWever, it is not so easy to 
apply an alternating current enough to drive the core into 
saturation. Accordingly, in prior art the large amplitude 
excitation method is limited to a magnetic sensor apparatus 
for detecting a small magnetic ?eld through the use of an 
amorphous magnetic core and the like having a small 
saturation ?eld. 

For non-contact measurement of a direct current, a 
method is generally taken to detect a magnetic ?eld gener 
ated by a current through the use of a magnetic sensor 
element. In this method, for example, a magnetic yoke 
having a gap is provided around a current path, and a 
magnetic sensor element is placed in the gap. The magnetic 
?eld in the gap is measured by the sensor element. Intensity 
H of the ?eld in the gap is I/g Where the current value is I 
and the gap length is g. Current I is thus obtained by 
measuring magnetic ?eld H With a magnetic sensor element. 

The use of a ?uxgate element as a magnetic sensor 
element Will noW be considered. A ?uxgate element has a 
feature that the length in the direction in Which a magnetic 
?eld is applied is relatively long. Therefore, gap length ‘g’ 
is relatively long. A shortest length of an actual ?uxgate 
element in the direction in Which a magnetic ?eld is applied 
is about 1 to 5 mm. In addition, a long gap length is 

10 

15 

25 

35 

45 

55 

65 

4 
acceptable since a ?uxgate element has a high sensitivity so 
that an extremely large magnetic ?eld is not necessary. 
Accordingly, the gap length of the magnetic yoke of a 
current sensor apparatus incorporating a ?uxgate element is 
longer than that of a sensor apparatus incorporating any 
other type of magnetic sensor element such as a Hall 
element. In an actual design, the gap length of a 100A-level 
current sensor apparatus is 5 to 10 mm. 

This indicates that, if the position of the current path 
surrounded by the magnetic yoke is close to the gap, the 
magnetic ?eld inside the gap varies With the magnetic ?eld 
corresponding to the magnetic ?ux generated from the 
current path and not passing through the yoke. Since the 
magnetic ?eld at a distance of radius ‘r’ from the current 
path is I/2J'cr, the magnetic ?eld corresponding to the ?ux not 
passing through the yoke is greater than the ?eld corre 
sponding to the ?ux passing through the yoke Where r<g/2J'c. 
As thus described, it is noted that a variation in the position 
of the current path is one of the greatest factors causing 
measurement errors for a ?uxgate element although such a 
variation in the current path position Will not cause any 
problem if gap length ‘g’ is 1 to 2 mm as in a Hall element. 

To avoid the above-stated problem, a method may be 
taken to ?x the current path or to use a large magnetic yoke 
and increase the distance betWeen the current path and the 
gap. HoWever, the method of ?xing the current path sacri 
?ces the convenience of the apparatus in that a current is 
measured by simply passing an electric Wire through the 
space inside the magnetic yoke. The method of using a large 
magnetic yoke has a problem that the sensor apparatus is 
increased in siZe and Weight. 

Since not many researches have been made on current 
sensor apparatuses incorporating a ?uxgate element, no 
prior-art example is found in the method of reducing mea 
surement errors resulting from variations in the position of 
the current path. HoWever, a current sensor apparatus incor 
porating a ?uxgate element has many features such as 
reliability better than those of current sensor apparatuses 
using other magnetic sensor elements. It is therefore very 
useful in industry to reduce measurement errors resulting 
from variations in the position of the current path, the only 
draWback of the appartus using a ?uxgate element. 

In Published Unexamined Japanese Patent Application 
Hei 5-99953 (1993), a technique is disclosed for reducing 
errors in a detected current value caused by an electric Wire 
passing outside a magnetic yoke. HoWever, no consideration 
is given to errors caused by variations in the position of an 
electric Wire passing through the space inside the yoke. In 
Published Unexamined Japanese Patent Application Hei 
8-15322 (1996), a technique is disclosed for reducing mag 
netic effects on a magnetic detection element of a magnetic 
?eld generated from a conductor to be measured or other 
external magnetic ?elds. In this technique a magnetic core is 
divided into a ring-shaped core on Which no feedback 
Winding is placed and an H-shaped core on Which a feedback 
Winding is placed. The H-shaped core detects a leakage ?ux 
in a gap of the ring-shaped core. The H-shaped core together 
With the magnetic detection element placed near the 
H-shaped core is covered With a magnetic shield member. 
HoWever, this technique has a problem that the con?guration 
is complicated and the current sensor apparatus is large 
siZed. 
The large amplitude excitation method is an excellent 

method since the effects of temperature changes and external 
perturbations are eliminated. If the large amplitude excita 
tion method is applied together With the negative feedback 
method, excellent properties Will be expected, according to 
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the principle. Examples in which the negative feedback 
method is applied to a magnetic sensor apparatus incorpo 
rating a ?uxgate element are disclosed in Published Unex 
amined Japanese Patent Application Sho 60-185179 (1985) 
and Published Unexamined Japanese Patent Application Hei 
9-257835 (1997). 

However, a ?uxgate current sensor apparatus incorporat 
ing a ?uxgate element involves the following drawback 
resulting from the measurement principle thereof. Since the 
?uxgate current sensor apparatus is made up of a sampling 
system, the measurement frequency band is limited. In other 
words, with regard to the ?uxgate current sensor apparatus, 
the response frequency band, that is, the frequency band that 
responds to variations in a current to be measured, is not 
allowed to exceed the excitation frequency which is the 
frequency of the excitation current, that is, an alternating 
current applied to the coil of the ?uxgate element, due to the 
Nyquist frequency which is the threshold frequency of 
response. With regard to the ?uxgate current sensor 
apparatus, since sampling is made at two points of positive 
and negative in one cycle of the excitation current, the 
sampling frequency is twice the excitation frequency. The 
Nyquist frequency is half the sampling frequency. 

Moreover, when the negative feedback method is applied 
to the ?uxgate current sensor apparatus, it is not so easy to 
widen the band of the negative feedback system having a 
sufficiently large loop gain since it is required to give enough 
consideration to measures against oscillation and so on. 
As thus described, the prior-art ?uxgate current sensor 

apparatus has the problem that although the response fre 
quency band is wide enough for ordinary applications, it is 
dif?cult to further widen the response frequency band. 
As disclosed in Published Unexamined Japanese Patent 

Application Hei 1-265168 (1989) and Published Unexam 
ined Japanese Patent Application Hei 4-93772 (1992), for 
example, a method is known for widening the response 
frequency band of a current sensor apparatus in general, 
which is not limited to a ?uxgate current sensor apparatus. 
In this method, a high frequency component of a current to 
be measured is detected by a coil coupled through 
alternating-current and magnetic coupling to a current path 
through which the current to be measured passes. On the 
other hand, a low frequency component of the current 
including a direct current is detected by a magnetic sensor 
element. Those two detection signals are combined. This 
method is called an alternating-current (AC) coupling 
method in the present patent application. 

However, in the prior-art current sensor apparatus utiliZ 
ing the AC coupling method, as disclosed in the above 
mentioned publications, the coil for detecting a high fre 
quency component is provided in the magnetic yoke itself. 
If the negative feedback method is applied, the coil for 
detecting a high frequency component functions as a coil for 
generating a feedback magnetic ?eld, too, in many cases. As 
a result, the prior-art current sensor apparatus utiliZing the 
AC coupling method has a problem that manufacturing costs 
of the apparatus are raised since winding the coil around the 
magnetic yoke requires dif?cult techniques, and the large 
number of turns of the coil makes the apparatus large-siZed. 

Furthermore, the prior-art current sensor apparatus utiliZ 
ing the AC coupling method has the following essential 
problem. The prior-art techniques utiliZing the AC coupling 
method have been mainly developed for a current sensor 
apparatus incorporating a Hall element as the magnetic 
sensor element. In such an apparatus, it is acceptable that the 
gap of the magnetic yoke is small. In contrast, in the current 
sensor apparatus incorporating a ?uxgate element as the 

10 

15 

25 

35 

45 

55 

65 

6 
magnetic sensor element, the gap of the yoke is greater than 
that of the apparatus incorporating a Hall element. As a 
result, the current sensor apparatus incorporating a ?uxgate 
element has a problem that the coil for detecting a high 
frequency component is large-siZed and the apparatus is 
expensive, due to the following reason. 

Inductance L of the coil for detecting a high frequency 
component wound around the magnetic yoke is expressed as 
L=K~N2 where the AL value (the inductance value per one 
turn of the coil) of the magnetic yoke is K and the number 
of turns of the coil is N. 

It is assumed that the magnetic yoke is made of a 
high-permeability ferrite material having a cross-sectional 
area of about 5 by 5 mm. If the length of the gap of the yoke 
is 1 mm, that is, a typical length for a current sensor 
apparatus incorporating a Hall element, the AL value K of 
the yoke is about 1 pH/T. If the length of the gap of the yoke 
is 10 mm, that is, a typical length for a current sensor 
apparatus incorporating a ?uxgate element, the AL value K 
of the yoke is about 0.1 pH/T, which is 1/10 of the value K 
obtained when the Hall element is used. 

If the direct current resistance of the coil for detecting a 
high frequency component is ‘r’, cutoff frequency ‘f’ of the 
coil is f=r/2J'cK~N2. Therefore, in order to obtain the same 
cutoff frequency when the ?uxgate element is used, it is 
required that, for example, the number of turns of the coil is 
about three times that of the apparatus using the Hall 
element and the coil is made of a wire having a cross section 
about three times as large as that of the coil of the apparatus 
using the Hall element. 
As thus described, if the prior-art AC coupling method is 

directly applied to the current sensor apparatus incorporating 
the ?uxgate element, the coil for detecting a high frequency 
component is large-siZed and the apparatus is expensive. 

In addition, in the prior-art techniques using the AC 
coupling method, no consideration is given to the cutoff 
frequency and the excitation frequency of the coil for 
detecting a high frequency component that are problems 
speci?c to the sampling system. Therefore, if the prior-art 
AC coupling method is directly applied to the current sensor 
apparatus incorporating the ?uxgate element, a beat may be 
produced from the frequency of a varying component of a 
current to be measured and the excitation frequency. 

DISCLOSURE OF THE INVENTION 

It is a ?rst object of the invention to provide a current 
sensor apparatus for reducing measurement errors resulting 
from variations in the position of a current path passing 
through the space inside a magnetic yoke, without losing the 
convenience of use and without increasing the current sensor 
apparatus in siZe and weight. 

It is a second object of the invention to provide a current 
sensor apparatus for widening the response frequency band 
while suppressing a beat generated by the frequency of a 
varying component of a current to be measured and the 
excitation frequency, and reducing difficulties in manufac 
turing the apparatus and the siZe of the apparatus. 
A ?rst current sensor apparatus of the invention com 

prises: a ring-shaped magnetic yoke through which a mag 
netic ?ux generated by an electric current ?owing through 
an electric path passes, the yoke surrounding the current 
path, part of the yoke having a gap; and a magnetic sensor 
element placed in the gap of the magnetic yoke and provided 
for detecting a magnetic ?eld in the gap generated by the 
current ?owing through the current path. A magnetic path of 
the ?ux passing through the magnetic yoke includes: a ?rst 
magnetic path, mainly passing through the magnetic sensor 
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element, through Which a part of the ?ux passing through the 
magnetic yoke passes; and a second magnetic path through 
Which another part of the ?ux passing through the magnetic 
yoke passes. 

According to the ?rst current sensor apparatus of the 
invention, the magnetic sensor element detects the magnetic 
?eld in the gap generated by the current ?oWing through the 
current path, based on the magnetic ?ux passing through the 
?rst magnetic path. The second magnetic path may be used 
for a function other than detecting a magnetic ?eld by the 
magnetic sensor element. 

The ?rst current sensor apparatus may comprise a mag 
netic ?eld interrupter, placed betWeen the current path and 
the gap, for interrupting a magnetic ?eld corresponding to a 
magnetic ?ux that is generated by the current passing 
through the current path and does not pass through the 
magnetic yoke, so that the magnetic ?eld is cut off from the 
magnetic sensor element. In addition, the second magnetic 
path may be made up of the ?eld interrupter. In this current 
sensor apparatus the ?eld interrupter cuts off the magnetic 
?eld corresponding to the magnetic ?ux that is generated by 
the current passing through the current path and does not 
pass through the magnetic yoke from the magnetic sensor 
element. 

In the ?rst current sensor apparatus comprising the ?eld 
interrupter, the ?eld interrupter may be separated from the 
magnetic yoke or may be integrated With the magnetic yoke. 
Part of the ?eld interrupter may have a gap. Acenter position 
of the gap of the ?eld interrupter may be off a straight line 
draWn through a center of the current path and a center of the 
gap of the magnetic yoke. The ?eld interrupter may be made 
of a magnetic substance. The magnetic sensor element may 
be a ?uxgate magnetic sensor element, for example. 

The ?rst current sensor apparatus may further comprise a 
high frequency component detection coil for detecting a 
high frequency component of the current ?oWing through 
the current path, and the detection coil may be placed in the 
second magnetic path. 

In this current sensor apparatus the magnetic sensor 
element detects the magnetic ?eld in the gap generated by 
the current ?oWing through the current path. The detection 
coil detects a high frequency component of the current 
?oWing through the current path. In the apparatus the 
magnetic sensor element and the detection coil are placed in 
the different magnetic paths. Therefore, it is possible to 
determine the cutoff frequency and so on for each of the 
magnetic sensor element and the detection coil indepen 
dently. 

The ?rst current sensor apparatus comprising the high 
frequency component detection coil may further comprise 
an attenuation means, placed in the ?rst magnetic path, for 
attenuating a frequency component of the magnetic ?ux 
passing through the ?rst magnetic path that is higher than a 
speci?c cutoff frequency. 

In the ?rst current sensor apparatus comprising the high 
frequency component detection coil, the magnetic sensor 
element may have a magnetic core placed in the ?rst 
magnetic path and a sensor coil Wound around the core and 
provided for detecting a magnetic ?eld corresponding to the 
?ux passing through the ?rst magnetic path. In this case the 
apparatus may further comprise: a drive means for driving 
the sensor coil by supplying an alternating excitation current 
that drives the core into a saturation region to the sensor coil; 
and a measurement means for measuring the current passing 
through the current path by detecting variations in induc 
tance of the sensor coil. In the present invention the mag 

10 

15 

25 

35 

45 

55 

65 

8 
netic core is a core made of a magnetic substance having a 
magnetic saturation property on Which the coil is Wound. To 
drive the sensor coil means to supply an alternating current 
to the sensor coil. 

The current sensor apparatus comprising the drive means 
and the measurement means may further comprise an attenu 
ation means, placed in the ?rst magnetic path, for attenuat 
ing a frequency component of the magnetic ?ux passing 
through the ?rst magnetic path that is higher than a speci?c 
cutoff frequency. The cutoff frequency may be equal to or 
loWer than a Nyquist frequency obtained from a frequency 
of the excitation current. In the current sensor apparatus 
comprising the drive means and the measurement means, the 
drive means may have a series resonant circuit part of Which 
is made up of the sensor coil and may supply a resonant 
current ?oWing through the series resonant circuit as the 
excitation current to the sensor coil. The current sensor 
apparatus comprising the drive means and the measurement 
means may further comprise a current supply means for 
supplying an electric current to the sensor coil, the current 
including a direct current and having a frequency different 
from a frequency of the excitation current. In this case the 
current supply means may supply a negative feedback 
current to the sensor coil for negative feedback of an output 
of the measurement means to the sensor coil. The high 
frequency component detection coil may form a path for 
supplying the negative feedback current to the sensor coil. 

In the current sensor apparatus comprising the drive 
means and the measurement means, the measurement means 
may have: an inductance element connected to the sensor 
coil in series; and a differentiation circuit for differentiating 
a voltage generated across the inductance element and 
outputting a signal responsive to the current ?oWing through 
the current path. 

In the ?rst current sensor apparatus comprising the high 
frequency component detection coil, the second magnetic 
path may include a gap. 

In the ?rst current sensor apparatus comprising the high 
frequency component detection coil, the second magnetic 
path may be located betWeen the current path and the ?rst 
magnetic path. In this case, the current sensor apparatus may 
further comprise a magnetic ?eld interrupting member made 
of a magnetic substance and placed in the second magnetic 
path, the member interrupting a magnetic ?eld correspond 
ing to a magnetic ?ux that is generated by the current 
passing through the current path and does not pass through 
the magnetic yoke, so that the magnetic ?eld is cut off from 
the magnetic sensor element. In addition, the high frequency 
component detection coil may be Wound around the ?eld 
interrupting member. 
A second current sensor apparatus of the invention com 

prises: a ring-shaped magnetic yoke through Which a mag 
netic ?ux generated by an electric current ?oWing through 
an electric path passes, the yoke surrounding the current 
path, part of the yoke having a gap; a magnetic sensor 
element placed in the gap of the magnetic yoke and provided 
for detecting a magnetic ?eld in the gap generated by the 
current ?oWing through the current path; and a magnetic 
?eld interrupter, placed betWeen the current path and the 
gap, for interrupting a magnetic ?eld corresponding to a 
magnetic ?ux that is generated by the current passing 
through the current path and does not pass through the 
magnetic yoke, so that the magnetic ?eld is cut off from the 
magnetic sensor element. 

In the second current sensor apparatus the ?eld interrupter 
cuts off the magnetic ?eld corresponding to the magnetic 
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?ux that is generated by the current passing through the 
current path and does not pass through the magnetic yoke 
from the magnetic sensor element. 

In the second current sensor apparatus, the ?eld inter 
rupter may be separated from the magnetic yoke or may be 
integrated With the magnetic yoke. Part of the ?eld inter 
rupter may have a gap. A center position of the gap of the 
?eld interrupter may be off a straight line draWn through a 
center of the current path and a center of the gap of the 
magnetic yoke. The ?eld interrupter may be made of a 
magnetic substance. The magnetic sensor element may be a 
?uxgate magnetic sensor element, for example. 

Other and further objects, features and advantages of the 
invention Will appear more fully from the folloWing descrip 
tion. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross-sectional vieW of a current sensor 
apparatus of a ?rst embodiment of the invention. 

FIG. 2 is a perspective vieW of the current sensor appa 
ratus shoWn in FIG. 1. 

FIG. 3 is a circuit diagram of an equivalent circuit of the 
current sensor apparatus shoWn in FIG. 1. 

FIG. 4 is an explanatory vieW for describing conditions 
for a computer simulation for con?rming the effect of the 
?rst embodiment of the invention. 

FIG. 5 is a lot shoWing a result of the computer simulation 
for con?rming the effect of the ?rst embodiment. 

FIG. 6 is a plot shoWing a result of the computer simu 
lation for con?rming the effect of the ?rst embodiment. 

FIG. 7 is a cross-sectional vieW of a current sensor 
apparatus of a second embodiment of the invention. 

FIG. 8 is a circuit diagram illustrating the con?guration of 
a current sensor apparatus of a third embodiment of the 
invention. 

FIG. 9 is an explanatory vieW illustrating the con?gura 
tion of a current sensor apparatus of a fourth embodiment of 
the invention. 

FIG. 10 is a cross-sectional vieW of the main part of the 
current sensor apparatus shoWn in FIG. 9. 

FIG. 11 is a circuit diagram of an equivalent circuit of the 
main part of the current sensor apparatus shoWn in FIG. 9. 

FIG. 12 is a cross-sectional vieW of the main part of a 
current sensor apparatus of a ?fth embodiment of the 
invention. 

FIG. 13 is a cross-sectional vieW of the main part of a 
current sensor apparatus of a sixth embodiment of the 
invention. 

FIG. 14 is a circuit diagram illustrating the con?guration 
of a current sensor apparatus of a seventh embodiment of the 
invention. 

FIG. 15 is a circuit diagram illustrating the con?guration 
of a current sensor apparatus of an eighth embodiment of the 
invention including a magnetic yoke. 

FIG. 16 is a circuit diagram illustrating the con?guration 
of the current sensor apparatus of the eighth embodiment 
except the magnetic yoke. 

FIG. 17 is an explanatory vieW for describing the opera 
tion principle of a ?uxgate element. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

Preferred embodiments of the invention Will noW be 
described in detail With reference to the accompanying 
drawings. 
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[First Embodiment] 

FIG. 1 is a cross section of a current sensor apparatus of 
a ?rst embodiment of the invention. FIG. 2 is a perspective 
vieW of the current sensor apparatus shoWn in FIG. 1. The 
current sensor apparatus comprises: a ring-shaped magnetic 
yoke 2 surrounding a current path 1, part of the yoke having 
a gap 3; and a magnetic sensor element 4 placed in the gap 
3 of the magnetic yoke 2. The magnetic sensor element 4 
detects a magnetic ?eld in the gap 3 generated by a current 
?oWing through the current path 1 to measure the current 
?oWing through the current path 1. The current sensor 
apparatus further comprises a magnetic ?eld interrupter 5, 
placed betWeen the current path 1 and the gap 3, for 
interrupting a magnetic ?eld corresponding to a magnetic 
?ux that is generated by the current passing through the 
current path 1 and does not pass through the magnetic yoke 
2, so that the magnetic ?eld is cut off from the magnetic 
sensor element 4. 

Although the magnetic yoke 2 has the shape of a rounded 
rectangular ring in this embodiment, it is not limited to this 
shape. The magnetic ?eld interrupter 5 is plate-shaped. Each 
end of the ?eld interrupter 5 faces toWard the inner surface 
of the magnetic yoke 2 at a speci?c distance and separated 
from the yoke 2. The yoke 2 and the ?eld interrupter 5 are 
each made of a magnetic substance. The magnetic sensor 
element 4 may be a ?uxgate element but is not limited to the 
?uxgate element. 
The operation of the current sensor apparatus of the 

embodiment Will noW be described. In the apparatus a 
current ?oWing through the current path 1 generates a 
magnetic ?ux passing through the magnetic yoke 2. The 
magnetic sensor element 4 detects a magnetic ?eld inside the 
gap 3 corresponding to the ?ux. The value of the current 
?oWing through the current path 1 is obtained from an output 
of the sensor element 4. 
The ?eld interrupter 5 interrupts a magnetic ?eld corre 

sponding to a magnetic ?ux that is generated by the current 
?oWing through the current path 1 and does not pass through 
the yoke 2, so that the magnetic ?eld is cut off from the 
sensor element 4. As a result, it is possible to reduce 
measurement errors resulting from variations in the position 
of the current path 1 passing through the space inside the 
yoke 2. 
The operation of the magnetic ?eld interrupter 5 Will noW 

be described in detail. As shoWn in FIG. 1, the magnetic path 
of the ?ux passing through the yoke 2 includes: a ?rst 
magnetic path, mainly passing through the gap 3 and the 
sensor element 4, through Which a part of the magnetic ?ux 
passing through the yoke 2 passes; and a second magnetic 
path, mainly passing through the ?eld interrupter 5, through 
Which another part of the magnetic ?ux passing through the 
yoke 2 passes. As shoWn in FIG. 1, the reluctance of the ?rst 
magnetic path, that is, the reluctance of the magnetic ?ux 
passing through the gap 3 of the ?ux passing through the 
yoke 2, is represented by Rg. The reluctance of the second 
magnetic path, that is, the reluctance of the magnetic ?ux 
passing through the interrupter 5 of the ?ux passing through 
the yoke 2, is represented by Rs. The reluctance of the 
portion of the yoke 2 Where the magnetic ?ux made up of the 
?ux passing through the gap 3 and the ?ux passing through 
the interrupter 5 passes is represented by R0. 
The equivalent circuit of the current sensor apparatus 

shoWn in FIG. 1 is the one shoWn in FIG. 3 Where the 
magnetomotive force generated by the current passing thor 
ough the current path 1 is F. In the equivalent circuit 
reluctance R0 and a parallel circuit of reluctance Rg and 
reluctance Rs are connected in series to the source of 
magnetomotive force F. 
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Where a current to be measured is I (A), magnetomotive 
force F is represented by F=I Magnetomotive force 
Fg applied to the gap 3 in Which the sensor element 4 is 
placed is represented by the following equation. 

The reluctance of the parallel circuit of reluctance Rg and 
reluctance Rs is represented by Rg//Rs Wherein Rg//Rs= 
Rg~Rs/(Rg+Rs). 

If reluctance R0 of the portion of the yoke 2 Where the 
magnetic ?uX made up of the ?uX passing through the gap 
3 and the ?uX passing through the interrupter 5 passes is 
small enough and the relation holds that RO<<Rg//Rs, Fg is 
equal to F. Therefore, magnetomotive force Fg applied to the 
gap 3 in Which the sensor element 4 is placed is independent 
of reluctance Rs. That is, if the reluctance of the magnetic 
path is sufficiently greater than the reluctance of the yoke 2, 
the ?eld interrupter 5 placed betWeen the current path 1 and 
the gap 3 Will not affect the magnetomotive force applied to 
the gap 3 in Which the sensor element 4 is placed, that is, the 
magnetic ?eld applied to the sensor element 4. This means 
that, Without affecting the magnetic ?eld applied to the 
sensor element 4 by the ?uX passing through the yoke 2, the 
?eld interrupter 5 placed betWeen the current path 1 and the 
gap 3 interrupts the magnetic ?eld that might be directly 
applied to the sensor element 4 from the current path 1 
Without passing through the yoke 2. 

Reference is noW made to FIG. 4 to FIG. 6 to describe the 
result of a computer simulation made for con?rming the 
effect of the ?eld interrupter 5. Referring to FIG. 4, the 
conditions for the simulation Will be described. The mag 
netic sensor element 4 is placed in the gap 3 of the magnetic 
yoke 2. Although not shoWn, the current path is located in 
the space inside the yoke 2. The ?eld interrupter 5 is placed 
betWeen the sensor element 4 and the current path. The space 
inside the yoke 2 has a rectangular cross section having a 
length of 20 mm in the horiZontal direction of FIG. 4 and a 
length of 12.5 mm in the vertical direction. Aposition in the 
space inside the yoke 2 is indicated With X and y coordinates 
Wherein the origin 0 is the position located in the middle in 
the horiZontal direction and at a distance of 7.5 mm upWard 
from the gap 3, and the X direction is the horiZontal direction 
and the y direction is the vertical direction. For X coordinates 
the right side of the origin 0 is positive and the left side is 
negative. For y coordinates the upper side of the origin 0 is 
positive and the loWer side is negative. The length of the gap 
3 is 15 mm and the length of the interrupter 5 is 10 mm. 

FIG. 5 and FIG. 6 are plots for illustrating the result of the 
simulation. FIG. 5 shoWs variations in the magnetic ?uX 
density in the center point of the sensor element 4 given in 
percent Wherein only the X coordinate of the position of the 
current path is changed With respect to the position of the 
current path located in the origin 0. FIG. 6 shoWs variations 
in the ?uX density in the center point of the sensor element 
4 given in percent Wherein only the y coordinate of the 
position of the current path is changed With respect to the 
position of the current path located in the origin 0. The 
sensor element 4 has a drum-shaped magnetic core. The ?uX 
density in the center point of the sensor element 4 is the ?uX 
density in the center portion of the core. In FIG. 5 and FIG. 
6 the solid lines indicate that the ?eld interrupter 5 is not 
provided and the broken lines indicate that the interrupter 5 
is provided. As shoWn, variations in ?uX density resulting 
from variations in the position of the current path are smaller 
in the case Where the interrupter 5 is provided, compared to 
the case Where the interrupter 5 is not provided. As a result, 
measurement errors are reduced. 
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According to the current sensor apparatus of the embodi 

ment thus described, it is possible to reduce measurement 
errors resulting from variations in the position of the current 
path 1 passing through the space inside the magnetic yoke 2, 
Without sacri?cing the convenience of use of the apparatus 
in that a current is measured by simply passing the electric 
Wire through the space inside the yoke 2 and Without 
increasing the apparatus in siZe and Weight. 

In this embodiment, if the magnetic sensor element 4 is a 
?uXgate element, the effect of reducing measurement errors 
resulting from variations in the position of the current path 
1 is remarkable and the eXcellent current sensor apparatus is 
implemented. 
[Second Embodiment] 

FIG. 7 is a cross section of a current sensor apparatus of 
a second embodiment of the invention. In the current sensor 
apparatus a magnetic ?eld interrupter 10 is provided in place 
of the magnetic ?eld interrupter 5 of the current sensor 
apparatus shoWn in FIG. 1. The ?eld interrupter 10 is 
integrated With the magnetic yoke 2 and made of the same 
magnetic substance as the yoke 2. The ?eld interrupter 10 is 
plate-shaped and both ends thereof are coupled to the inner 
surface of the yoke 2. Part of the ?eld interrupter 10 has a 
gap 10a. The gap 10a is located in a position off the middle 
of the ?eld interrupter 10 (shifted doWnWard in FIG. 7). In 
this embodiment the gap 3 of the yoke 2 is located in a 
position off the middle of one side of the yoke 2 toWard the 
direction opposite to the gap 10a (shifted upWard in FIG. 7). 
Therefore, the center position of the gap 10a of the ?eld 
interrupter 10 is off the straight line draWn through the center 
of the current path 1 and the center of the gap 3 of the yoke 
2. As a result, the effect of interrupting a magnetic ?eld is 
greater, compared to the case in Which the center position of 
the gap 10a is located on the straight line draWn through the 
center of the current path 1 and the center of the gap 3 of the 
yoke 2. In order to increase the effect of interrupting a 
magnetic ?eld, it is preferred that the amount of shift of the 
gap 10a of the ?eld interrupter 10 from the gap 3 of the yoke 
2 is greater. 

In the current sensor apparatus of the ?rst embodiment the 
?eld interrupter 5 is separated from the yoke 2. Therefore, 
some processing is required for placing the ?eld interrupter 
5 in the speci?c position. In contrast, the ?eld interrupter 10 
is integrated With the yoke 2 in the second embodiment. As 
a result, no processing is required for installing the ?eld 
interrupter 10. In addition, since the yoke 2 is usually made 
of ferrite, the yoke 2 and the ?eld interrupter 10 are easily 
formed, according to this embodiment. 
The remainder of con?guration, operation and effects of 

the second embodiment are similar to those of the ?rst 
embodiment. 

In Published UneXamined Japanese Patent Application 
Hei 8-15322 (1996), a current sensor apparatus is disclosed 
in Which a magnetic core is divided into a ring-shaped core 
on Which no feedback Winding is placed and an H-shaped 
core on Which a feedback Winding is placed. The H-shaped 
core detects a leakage ?uX in a gap of the ring-shaped core. 
The H-shaped core together With a magnetic detection 
element placed near the H-shaped core is covered With a 
magnetic shield member. The positions of the horiZontal 
portion of the H-shaped core and the magnetic detection 
element With respect to each other disclosed in the publica 
tion are similar to the positions of the ?eld interrupter 10 and 
the sensor element 4 of the second embodiment of the 
invention. HoWever, the current sensor apparatus disclosed 
in the publication has the con?guration in Which the 
H-shaped core is placed outside the gap of the ring-shaped 
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core and the magnetic detection element is placed at the end 
of the H-shaped core opposite to the ring-shaped core. This 
con?guration is totally different from that of the current 
sensor apparatus of the second embodiment of the invention 
in Which the sensor element 4 is placed in the gap 3 of the 
yoke 2. In addition, the horizontal portion of the H-shaped 
core is provided for making a magnetic path through Which 
the magnetic ?ux generated by the feedback Winding passes 
and has a function different from that of the ?eld interrupter 
10 in the yoke 2 of the second embodiment. 
[Third Embodiment] 
A current sensor apparatus of a third embodiment of the 

invention Will noW be described. FIG. 8 is a circuit diagram 
of the current sensor apparatus of the third embodiment. The 
current sensor apparatus is similar to the apparatus of the 
second embodiment except that the magnetic sensor element 
4 is a ?uxgate magnetic sensor element and the periphery 
circuitry of the element 4 is added. 

In the current sensor apparatus the ?uxgate element 
having a magnetic core 51 and a coil 52 Wound around the 
core 51 is placed in the gap 3 of the yoke 2 of the current 
sensor apparatus of the second embodiment. 

The circuit con?guration of the current sensor apparatus 
of the third embodiment Will noW be described. Positive and 
negative poWer supply circuits for operational ampli?ers are 
not shoWn, according to the practice. 
An end of a detection coil 20 is connected to an end of the 

coil 52. The other end of the detection coil 20 is grounded. 
An end of a coil 6 making a path for supplying a negative 
feedback current to the coil described later is connected to 
the other end of the coil 52. The other end of the coil 6 is 
grounded through a capacitor 7. 

The current sensor apparatus further comprises: a drive 
circuit having a series resonant circuit part of Which is made 
up of the coil 52 and supplying a resonant current ?oWing 
through the series resonant circuit, as an alternating current 
for driving the core 51 into a saturation region, to the coil 52; 
and a detection and feedback circuit for detecting a magnetic 
?eld to be measured by detecting variations in resonant 
current ?oWing through the coil 52 that corresponds to 
inductance variations of the coil 52 and for supplying a 
negative feedback current used for the negative feedback 
method to the coil 52. 

The drive circuit has an oscillation circuit including the 
series resonant circuit. The con?guration of the oscillation 
circuit is as folloWs. The oscillation circuit incorporates a 
transistor 11. The base of the transistor 11 is connected to the 
other end of the coil 52 through a capacitor 12 used for 
resonance. An end of a capacitor 13 used for feedback is 
connected to the base of the transistor 11. An end of the 
capacitor 14 used for feedback and the emitter of the 
transistor 11 are connected to the other end of the capacitor 
13. The other end of the capacitor 14 is grounded. The 
emitter of the transistor 11 is grounded through a load coil 
15. The collector of the transistor 11 is connected to a poWer 
input 16 and to the base through a bias resistor 17. The 
con?guration of this oscillation circuit is that of a Clapp 
oscillation circuit Wherein Cs<<Cb and Cs<<Ce, the capaci 
tance of each of the capacitors 12, 13 and 14 being Cs, Cb 
and Ce, respectively. 

The con?guration of the detection and feedback circuit is 
as folloWs. An end of a capacitor 21 is connected to the 
connection point betWeen the coil 52 and the detection coil 
20. The other end of the capacitor 21 is grounded through a 
resistor 22. The capacitor 21 and the resistor 22 make up a 
differentiation circuit for differentiating the voltage gener 
ated across the coil 20 and outputting a signal corresponding 
to the magnetic ?eld to be measured. 
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The anode of a diode 23 and the cathode of a diode 25 are 

connected to the connection point betWeen the capacitor 21 
and the resistor 22. The cathode of the diode 23 is grounded 
through a capacitor 24. The anode of the diode 25 is 
grounded though a capacitor 26. The diode 23 and the 
capacitor 24 make up the positive peak hold circuit. The 
diode 25 and the capacitor 26 make up the negative peak 
hold circuit. 
An end of a resistor 27 is connected to the connection 

point betWeen the diode 23 and the capacitor 24. An end of 
a resistor 28 is connected to the connection point betWeen 
the diode 25 and the capacitor 26. The other end of each of 
the resistors 27 and 28 is connected to an end of a resistor 
31. The resistors 27 and 28 make up the resistor adding 
circuit for adding a positive output value held at the positive 
peak hold circuit to a negative output value held at the 
negative peak hold circuit. A detection signal corresponding 
to the external magnetic ?eld is present at an end of the 
resistor 31. 
The other end of the resistor 31 is connected to the 

inverting input of an operational ampli?er 32. The nonin 
verting input of the operational ampli?er 32 is grounded 
through a resistor 33. The output of the operational ampli?er 
32 is connected to the inverting input through a resistor 34. 
The ampli?er 32 and the resistors 31, 33 and 34 make up an 
inverting ampli?er. 
The output of the operational ampli?er 32 is connected to 

an end of a resistor 35 for detecting an output. The other end 
of the resistor 35 is connected to the connection point 
betWeen the coil 6 and a capacitor 7. The one end of the 
resistor 35 is connected to the noninverting input of an 
operational ampli?er 38 through a resistor 37. The nonin 
verting input of the ampli?er 38 is grounded through a 
resistor 39. The output of the ampli?er 38 is connected to the 
inverting input through a resistor 40 and to an detection 
output 41. The ampli?er 38 and the resistors 36, 37, 39 and 
40 make up a differential ampli?er. 
The detection coil 20, the coil 6 and the capacitor 7 are not 

only part of the oscillation circuit as the drive circuit but also 
part of the detection and feedback circuit. 

The operation of the current sensor apparatus of the 
embodiment Will noW be described. An alternating current is 
supplied to the coil 52 by the oscillation circuit such that the 
core 51 is driven into the saturation region. The alternating 
current is a resonant current that is equal to the current value 
limited by the supply voltage multiplied by value Q of the 
resonant circuit. A method taken in this embodiment is to 
detect variations in Waveform of resonant current as a 
method of capturing variations in inductance of the coil 52 
as an output signal of the current sensor apparatus. To be 
speci?c, the voltage across the detection coil 20 connected 
to the coil 52 in series and having a large saturation current 
is differentiated at the differentiation circuit made up of the 
capacitor 21 and the resistor 22. Apositive output value of 
an output of the differentiation circuit is held at the positive 
peak hold circuit made up of the diode 23 and the capacitor 
24. A negative output value of the output of the differentia 
tion circuit is held at the negative peak hold circuit made up 
of the diode 25 and the capacitor 26. The positive and 
negative output values are added to each other at the resistor 
adding circuit made up of the resistors 27 and 28. Adetection 
signal corresponding to the external magnetic ?eld is thus 
obtained. 
When no external magnetic ?eld is present, the positive 

and negative portions of the differential Waveform of the 
voltage across the detection coil 20 are symmetric, and the 
sum of positive and negative peak values (the difference 




















